Late Pleistocene and/or Holocene high-resolution palynological studies are available for the south basin of the Caspian Sea (CS), the world's largest lake. However, the north and middle basins have not been the object of high-resolution palynological reconstructions. This new study presents the pollen, spores and dinoflagellate cysts records obtained from a 10 m-long sediment core recovered in the middle basin, which currently has brackish waters and is surrounded by arid and semi-arid vegetation.
Introduction
The Caspian Sea (CS) forms a natural geographical border between Europe and Asia at 50 east of longitude. It is the world's largest inland water body, with a current size equivalent to Norway (Fig. 1) . Its level has changed dramatically over various timescales, causing rapid modifications in the volume and the area of the water body (Kazancı et al., 2004) . During the 20th century, the CS water levels have fluctuated suddenly, a hundred times faster than recent global sea level rise (Kroonenberg et al., 2007) . This caused serious environmental and economic damages and adversely affected oil and gas exploration and exploitation, agriculture and fishing (such as sturgeon for caviar). In addition, it caused major risks in areas used for storage of nuclear wastes and for nature conservation of international importance. Despite the importance of this area, no enough in-depth high-resolution palaeoenvironmental research has been performed on the CS sediments and the precise timing of these changes and even their causes remain not well understood yet. They have been suggested to be a combination of climate, human impact and tectonic activity (e.g. Shiklomanov et al., 1995; Froehlich et al., 1999) , with a large role played by the precipitation over the Volga drainage basin (Arpe et al., 2012) . However, the picture seems to be more complex, as not only the abovementioned factors affect the CS levels, but also the CS itself has an effect on the sub-tropical jet-stream speed via a lake effect on over-lake temperature, transferred to altitude. Hence its correct representation over time, especially its changing area during lowstands (such as the Mangyshlak lowstand at the beginning of the Holocene) and highstands (such at the Late Khvalynian highstand during the last period of melting of the Eurasian icesheet), in the general circulation models is essential (Farley Nicholls and Toumi, 2013) .
The rare studies available so far on the palaeoenvironment of the CS during the Late Pleistocene and Holocene have been made on coastal sequences (e.g. Leroy et al., 2013a and references in it; Richards et al., in press) or in the shallow North basin (Bezrodnykh et al., 2004) and suffer from deposition hiatuses during periods of low sea levels and sedimentation starvation. Only one sequence provides continuous pollen and organic-walled dinoflagellate cysts (dinocyst) records of changes in the south basin from the Late Pleistocene to the Middle Holocene (Leroy et al., 2013c) . Hardly anything is known for the middle basin, besides a preliminary pollen study by Kuprin and Rybakova (2003) , but with a timescale based on a chronology built from bulk radiocarbon dates. No palynological studies (pollen and dinocysts) have been carried out on continuous, long sequences in the north basin.
The aim of this investigation is to partially fill this research gap by reconstructing changes in terrestrial vegetation and lake levels, mostly via salinity changes, that occurred in the middle basin of the CS during the Late Pleistocene and the Holocene through palynological analyses. The chronology of the studied sequence is based on an ageedepth model built from radiocarbon dating on ostracod shells. Additionally since similar analyses exist for the south basin, a comparison between the two main CS basins becomes possible and has the potential to highlight spatial gradients.
Study area
The physical and biological characteristics of the CS (36e47 N, 47e54 E, altitude of 26.5 m below sea level) have been summarised in some recent compilations such as by Kosarev and Yablonskaya (1994) and Kostianoy and Kosarev (2005) , as well as in several recent papers (Leroy et al., 2013a,b) . The CS is a large endorheic water body made up of three basins, deepening from the very shallow north (5e10 m deep) to the deepest south (maximal water depth 1025 m). The middle basin (138,000 km 2 ) has an average depth of 175 m and a maximum depth of 788 m (Fig. 1B) .
Relief and vegetation
The middle basin is separated from the northern very shallow basin by the Mangyshlak Threshold, i.e. a sharp southwards drop of the bathymetry (Putans et al., 2010) (Fig. 1B) . The eastewest Apsheron Sill separates the south basin from the middle one with very shallow water depths of c. 80 m. The sill is the submarine link between the Great Caucasus and the Great Balkhan Mountains and a region of very active tectonics (Jackson et al., 2002) . A NortheSouth sharp trench in its middle down to c. 180 m bsl is the trace of an ancient river (Ferronsky et al., 1999) . When the levels of the CS are low this threshold enforces a deep division in the two separate water bodies.
Specifically for the middle basin, the relief on the west coast goes from the high altitudes of the eastern end of the Great Caucasus Mountains to areas below sea levels. The rest of the coast is formed by lowlands that were flooded during the past periods of high CS levels (Kroonenberg et al., 2007) . Overall the climate around the middle basin is under the influence of the westerlies, although it has its own local low-level circulation which is more NeS oriented .
Vegetation west and east of the middle basin has a KazakhoDsungarian character with summer rainfall in the north, which acquires an Irano-Turanian character south-eastward with winter rainfall (Walter and Breckle, 1989) . Along the west coast of the middle basin, the vegetation in Dagestan changes rapidly from a coastal semi-arid vegetation to the forests of the Caucasus with summer rainfall. An altitudinal forest zonation is visible, from the bottom up: Quercus, Fagus, Abies, Picea, Betula and finally Pinus. The capital city of Azerbaijan, Baku, situated on the coast, has a desert climate (Walter and Breckle, 1989) . Along the coast of Turkmenistan, a semi-desert with halophytes, shrubs and semishrubs and herbaceous plants or a desert occurs. Freshwater holes arise in the desert between the Aral Sea and the CS, which are characterised by a local vegetation made of Populus, Elaeagnus, Salix and Alnus, as well as Calligonum and Tamarix.
Hydrological setting and sea level history
In general, water inputs to the CS comprise river discharges in particular the Volga (contributing up to 80e85% of the total) (Rodionov, 1994) . Additionally, a series of very small rivers bring water from the west (e.g. Samur, Terek and Sulak Rivers to the middle basin) and south side of the CS (i.e. the Sefidrud and the Kura river), while the east side of the CS has hardly any rivers owing to a the dry climate (Lahijani et al., 2008) . However, the largest amount of sediment is brought by smaller rivers, such as the Sefidrud and the Kura, in the south basin. This asymmetric pattern of river inflow induces a NortheSouth positive gradient of water salinity, close to zero in the north and 14 psu in the south. The salinity of the middle basin is around 12e13 psu, becoming slightly higher along the eastern coast: 13e14 psu, fairly similar to that of the south basin .
Surface water temperatures present important seasonal variations from the north to the south of the middle basin. The Northern basin surface water freezes from December to March, but this hardly reaches the middle basin (Kosarev, 2005) . The mean water temperature reaches 24 C during the warmest summer months, i.e. July and August, but falls to 7 C in winter (Ginzburg et al., 2005) .
The current pattern observed in the middle basin is of two surface gyres: cyclonic in the north and anticyclonic in the south (Tuzhilkin and Kozarev, 2005) . The east coast shows a summer upwelling pattern due to prevailing north-easterly winds. Most nutrients enter the CS through the northern basin via the Volga River.
The bay of the Karabogaz, located on the shallow eastern coast, serves as an overflow for the CS (Giralt et al., 2003; Leroy et al., 2006) . The Karabogaz Gol serves as an evaporator for the overflow water in the CS, and therefore is extremely saline.
The present CS level is at 26.5 m bsl (Naderi Beni et al., 2013) . The still partial reconstruction of the Late Pleistocene and Holocene sea level history highlights a great complexity and has been summarised recently in Leroy et al. (2013c) . The main authors, Klige (1990) , Rychagov (1997) , Chepalyga (2007) and Svitoch (2012) provide conflicting sea level curves for the Late Pleistocene and Holocene. The range of accepted changes is large, somewhere between > À100 m and þ50 m. The maximal elevation is related to the altitude of the KumaeManych depression (26 m asl) and the lower Don River, which allow water outflow to the Black Sea.
Previous studies in the area

Open sea cores taken in the INCO-Copernicus project
In August 1994, cores from the south and middle basins were taken during a FrencheRussian oceanographic cruise (Table 1 ). All Table 1 Names and location of some of the cores taken during the FrencheRussian expedition of 1994, presented or discussed here, and of a core from the SeE Caspian Sea, Iranian coast (see Fig. 1B for location map). NB: Core GS18 has also been called core GS20 in previous publications (Boomer et al., 2005; Tudryn et al., in press (Leroy et al., 2013b) . Palynological studies for three short Holocene Pilot cores (cores CP14, CP18 and CP21, not older than 5.5 cal. ka BP) located from the south to the north of the CS, and for a long Kullenberg core in the south basin (core GS05 from >11.2 to 4.4 cal. ka BP) are already published (Leroy et al., , 2013c (Fig. 1) ; while the results of the long core in the middle basin has not been published yet, being the object of the present work. The two pilot cores, CP18 and CP21, from the middle basin, could not be dated owing to the abundance of reworked carbonates . The present study focuses on the Kullenberg core GS18 (also called GS20 in Boomer et al., 2005 and Tudryn et al., in press;  (Fig. 1,  Table 1 ). Whilst the palaeoenvironmental analyses of core GS19 were published by the Russian partner in the INCO-Copernicus project , those of core GS18, especially palynology, have remained so far largely unpublished (Boomer et al., 2005; Tudryn et al., in press ). In the south basin, previous studies performed on the Kullenberg cores GS04 and GS05 (Leroy et al., 2013c) are used for comparison.
2.3.2.2. Lithology. The sediment of core GS18 generally is finegrained. Boomer et al. (2005) differentiated three lithological units (Fig. 2) . Unit 1, from 995 to 820 cm, consists of dark beige detrital and authigenic carbonate clays. The carbonate percentages start with values around 10. A temporary increase occurs to 19% towards the end of the unit (850-820 cm). The sediment is strongly laminated with, in general, a 2 mm dark lamina and a 5.3 mm light lamina.
After a progressive change, unit 2, from 820 to 552.5 cm, consists of light beige clays with detrital and authigenic carbonates (stable values around 13e14%). This unit is also strongly laminated except between 752 and 704 cm. The carbonates data indicate a major and rapid increase between 580 (12%) and 569 (30%) cm depth.
After a sharp change, unit 3a, from 552.5 to 326 cm, is a grey to green mud, with mostly detrital carbonates and some authigenic carbonates. Laminations are almost absent. In unit 3b (326 cm to top), the sediment is a grey to green mud, mostly made of detrital carbonates, with rare authigenic carbonates. The laminites are first faint and then become more strongly visible at 263e250 and 145e103 cm depth. The carbonate content of unit 3 starts first with maximal values at > 35% and then decreases progressively down to 10%.
Similarly, core GS19 shows a fine-grained laminated sediment without disturbances . A major change in lithology at 642 cm is marked by a similar increase of carbonates as that observed in core GS18 at 580-569 cm depth.
2.3.2.3. Dating of cores GS18 and GS19 and palaeo-environmental reconstructions. In Boomer et al. (2005) , the results of investigations of ostracod assemblages and carbonates from core GS18 based on a chronology made from three radiocarbon dates on ostracod shells were presented. The main results are that the bottom waters have remained ventilated, which allows the existence of an ostracod fauna. Also a main change at the Pleistocene/ Holocene transition has been recognised with a sharp increase of Loxoconchidae at c. 580 cm depth. In the later publication of Tudryn et al. (in press) , the number of 14 C dates was increased to six, and the magnetic properties of the sequence were discussed at laminae scale. It was shown that lamination is due to alternation of greigite, an early diagenetic iron sulphide, and detrital magnetite, an iron oxide. Rhythmic changes of these minerals reflect changes in the oxygenation of the sea bed, with phases of good and restricted ventilation, even if the sediment bottom was never totally depleted in dissolved oxygen (Boomer et al., 2005) . The sequence of core GS19 is dated by nine radiocarbon dates on bulk sediment (Ferronsky et al., 1999) . The authors indicate that these dates have to be corrected by 10e20% due to dead carbon. In combination with the sedimentological study interpreted a low stand in the Late Khvalynian at 642e582 cm (with a non-corrected bulk 14 C date of 11.3 ka BP at 600 cm).
However this period was not formally related to the Mangyshlak lowstand. It is followed by a transgression from 582 to 486 cm depth. A regression took place between 486 cm (shortly before a non-corrected bulk 14 C date of 9.6 ka BP at 470 cm) and 414 cm (earlier than a non-corrected bulk 14 C date of 8.86 ka BP at 410 cm)
attributed to the Early Neocaspian. The main results of the very preliminary pollen analyses made on this core (23 samples and 12 taxa) (Kuprin and Rybakova, 2003) suggest that transgressions took place during periods of cool and humid climate with forest expanded into present day semiarid areas.
Material and methods
Radiocarbon dating, grain size and magnetic susceptibility
Six radiocarbon dates were obtained from ostracod shells (Tudryn et al., in press ). These radiocarbon ages have been used to build an ageedepth model after applying a 370 years reservoir effect (as in Leroy et al., 2013c) and calibration using the IntCal13.14C curve (Table 2 ). The ageedepth modelling has been performed here using Clam.R 2.2 (Blaauw, 2010) . A good fit was provided by a smooth spline solution with a smooth factor of 0.3 (Fig. 3) .
New particle size analyses of 92 samples were made by laser granulometry on bulk sediments using a Coulter LS 130 instrument. D0.5 is the median. Additionally, 375 new low field magnetic susceptibility measurements were obtained on U-channels with a Bartington MS-2 susceptibility meter. A CONISS zonation has been applied on the four curves (Fig. 2) .
Palynological analyses
Ninety-two samples for the top 666 cm of core GS18 were palynologically studied. Twenty-two of them were treated at UCL Table 2 Radiocarbon dating results for core GS18. Radiocarbon ages were calibrated using the IntCal13.14C calibration ) and a 370 yr reservoir effect was considered (Leroy et al., 2013c (Belgium) by the heavy liquid method (Thoulet solution at a density of 2.1). The remaining seventy samples were treated at Brunel University (UK) by the HF method. On average the sample volume was 1.1 ml. Initial processing of samples involved the addition of sodium pyrophosphate to deflocculate the sediment. Samples were then treated with cold hydrochloric acid (10%) and cold hydrofluoric acid (32%), and HCl again. The residual organic fraction was screened through 125 and 10 mm mesh sieves. Final residues were mounted on slides in glycerol and sealed with varnish. Lycopodium tablets were added at the beginning of the process for concentration estimation in number of pollen and spores per ml of wet sediment (without the non-pollen palynomorphs or NPP), but only in the samples treated at Brunel University; for the rest no concentration estimates are available. The use of two different palynological methods to treat the samples did not bias the recovery of dinocysts (see Supplementary Information for more information). An additional 22 samples, below 666 cm depth, were treated but not considered here because of i) the irregular presence of high percentages of Pinus pollen (probably reworked or river transported), ii) the very high occurrence of reworked pollen grains (loss of ornamentation, increase in opacity and often pre-Quaternary taxa), and iii) the very low palynological concentrations (below 2000 pollen and spores per ml). This jointly points to a different taphonomy than for the upper part of the core.
For the section above 666 cm, the average pollen sum is 364, considering only terrestrial taxa. Dinoflagellate cysts were counted in the same slides. The average of counted cysts is 490, reaching below 100 cysts in only one case. The taxonomy and the ecological preferences of the CS dinocysts are detailed in the paper of Marret et al. (2004) (2011). The cysts of Lingulodinium machaerophorum have processes of various shapes and lengths, which have been counted separately (following form names defined in Leroy et al., 2006) .
The data were plotted in diagrams using Psimpoll (Bennett, 2007) . The P/D ratio is the ratio of the concentration of pollen over dinocysts (McCarthy and Mudie, 1998) .
Numerical methods
Zonation by cluster analysis (CONISS), after square root transformation of the percentage data, was calculated separately for pollen and spores (22 taxa) and for dinocyst (9 taxa) datasets using Psimpoll.
Multivariate techniques were applied to the datasets in order to detect and summarise the major patterns of variation of the data in few dimensions. An exploratory detrended correspondence analysis (DCA) on the pollen (excluding aquatics and NPP) and dinocyst datasets separately was first performed to provide information on the gradient length. As the gradients in both datasets were <2.5 SD, principal component analysis (PCA) was applied (Birks et al., 2012) . Additionally, non-metric multidimensional scaling (NMDS) was also performed, and the results were not significantly different than those obtained after DCA and PCA. Hence, PCA was performed on pollen, excluding aquatics and NPPs, and dinocysts datasets separately. PCA explorations were made on the varianceecovariance matrices, with the percentage data square root transformed prior to analysis. For pollen data, only those taxa with a significant presence were considered, and sums of trees (excluding Pinaceae) and shrubs were also incorporated. All dinocyst taxa from core GS18 have been included in the PCA together with data from the nearby CP18 core in an attempt to identify a possible overlap between the two cores, as core CP18 does not have a chronology. Spiniferites cruciformis forms (A, B and C) identified in core GS18 were summed because in core CP18 no distinction between them was made due to their very low abundance. PCA was performed using the open software PAST 3.01 (Hammer et al., 2001 ).
Results and interpretation
Ageedepth model and lithology
The ageedepth model indicates that the sediment core spans between 14.47 and 2.43 cal. ka BP, and that the palynological data (the top 666 cm) provides information from 12.44 to 2.43 cal. ka BP (Fig. 3) . The sedimentation rate is very high being c. 160e130 cm/ cal. ka BP below 666 cm depth. It decreases above this depth, until its stabilisation with values of c. 75e55 cm/cal. ka BP (Fig. 3) reflecting the critical loss of the detritics brought by meltwater. The time resolution between palynological samples is on average 99 years.
Analyses in core GS18 show that the fine silty fraction is dominant throughout the sediment. The mean grain size value is 19.4 ± 13.5 mm, the mean mode value is 7.5 ± 1.6 mm and the mean median value is 8.4 ± 2.1 mm. Nevertheless, minor changes are observed ( Fig. 2) : a progressive grain size increase is recorded from the bottom to the top, as it is observed in the mode and median and for mean grain size, which corresponds to 9.4 (±2.8) mm for unit 1, to 18.5 (±17.9) mm for unit 2, to 19.5 (±10.2) mm for unit 3a and to 23.1 (±13.4) mm for unit 3b.
Magnetic susceptibility (Fig. 2) shows higher values in units 1 and 2, and lower values in the upper part of the sequence, with unit 3, reflecting a decrease in the magnetic minerals content. Indeed, units 1 and 2 are characterised by relatively important contents of ferrimagnetic iron minerals: early diagenetic greigite and detrital magnetite, changing rhythmically at laminae scale (Tudryn et al., in press ). Greigite content variation dominates the magnetic susceptibility signal that shows some important peaks, such as c. 800 cm. Such large-amplitude peaks related to changes in greigite contents are also observed in the Late Pleistocene sediment from South Caspian Sea basin (Jelinowska et al., 1998 (Jelinowska et al., , 1999 . The decrease of magnetic susceptibility in unit 3 is due to the disappearance of the greigite that is replaced by paramagnetic pyrite. Pyrite, as greigite, is of early diagenetic origin and is related to the anoxic, sulphatereducing conditions in the sediment. Its presence instead of greigite suggests a decrease of the Fe/S ratio in the environment, which can be due either to the increase of the water salinity or to the decrease of the availability of the iron due to the decrease of the detrital input to the lake.
The pollen, spores and non-pollen palynomorphs records
The zonation of the terrestrial signal by means of cluster analysis has distinguished six pollen zones from p-1 to p-6 (Fig. 4) . This zone contains the highest values of Elaeagnus and Hippophae, with a sub-continuous curve of Picea (Fig. 4) . Other important taxa within the arboreal taxa (AP) are Pinus (10%) and Quercus (5%), the latter especially in the second half of the zone. Shrubs such as Ephedra and Calligonum are present, but not with large values. Amongst the non-arboreal pollen (NAP), Amaranthaceae dominate and also reach their maximal values (often > 50%). Artemisia is abundant, as well as Poaceae. It is also worth mentioning the occurrence of salt-tolerant plants such as Plumbaginaceae, Haplophyllum and Nitraria. Reworked pollen grains are relatively high, often >15%. Radiosperma is frequent in this zone only. Pollen concentrations are very low, around 3000 pollen and spores per ml of wet sediment.
The reconstructed Younger Dryas vegetation around the CS is a desert with some shrubs in the plains and some spruce in the Caucasus Mountains. These three zones (p-2: 571e528 cm or 11.42e10.77 cal. ka BP, p-3: 528e439 cm or 10.77e9.19 cal. ka BP and p-4: 439e382.75 cm or 9.19e8.19 cal. ka BP) have many common points, but also show some differences. They all have rather high percentages of Pinus (up to 30% in some samples). Picea is still frequent, but not later on. The main feature of these three zones is the shrub maxima: first Calligonum, then Ephedra major-t. (or distachya-t.) and then Ephedra alata-t. (or fragilis-t.). In the AP, Corylus peaks in zone p-2. Quercus percentages, after a brief decrease in zone p-2, carry on increasing. Tilia becomes more frequent from zone p-4 onwards.
In the NAP, Caryophyllaceae, Ericaceae, Rubiaceae and Plumbaginaceae are frequent. Although Artemisia and Amaranthaceae are the main taxa, their values are lower than in the zone p-1, especially in zone p-2. Spores of ferns are more frequent, while reworked pollen values decrease in these three zones. Concentrations are still low, i.e. mostly less than 8000 pollen and spores per ml of wet sediment.
Another characteristic of these zones is the rather abrupt development of the cyanobacteria Anabaena from zone p-2 and of the green algae Botryococcus from zone p-3, both until the end of zone p-4. Pediastrum is slightly more frequent than in zone p-1. Incertae Sedis 5b (a probable green algae) show a progressive increase peaking in zone p-4. A few leaf spines of the aquatic plant Ceratophyllum are noted especially in zone p-3. Massulae of the floating fern Salvinia start to occur in zone p-4. Many of these NPPs indicate lenses of freshwater at the surface of the CS, especially in zones p-3 and 4, perhaps owing to precipitation and/or to longdistance hypopycnal flows from the west. A similar explanation was proposed for the Aral Sea mixed micropalaeontological assemblages .
The inferred environment at the beginning of the Holocene is an open landscape with many shrubs, possibly on sand dunes (which must have been more widespread than nowadays as the vegetation cover was less dense than today), and some scattered trees in limited favourable areas. Some freshwater indicators are found either derived from the coast of the CS or from its surface. It is suggested that rivers were active. -5, 382.75e76.25 cm, 8.19e3 .50 cal. ka BP: Middle Holocene, first deciduous tree development
Zone p
Although Amaranthaceae values are maximal and Artemisia percentages also increase, this rather long pollen zone shows the development of several deciduous trees: Salix, Tamarix, UlmuseZelkova, Carpinus betulus, Quercus, Corylus, Tilia and the vine Vitis. Two occurrences of Pterocarya are noted at the beginning and at the end of this zone. Pollen and spores concentrations are tenfold higher than in earlier periods. Algal remains are abundant although less than in the previous zone (p-2 to p-4). Tetraedron is now common. Incertae Sedis 5d (another probable green algae) starts to become frequent.
The reconstructed vegetation for the Middle Holocene is a semiopen landscape with the development of a steppe, but retaining many desertic areas. Trees are more abundant and diverse, but still only in limited areas with higher precipitation, such as the Caucasus and the Elburz Mountains. The Late Holocene is characterised by a replacement of the desert by a steppe in many places, and the arboreal component is the most abundant and diverse of the whole sequence.
The dinocyst record
The zonation of the aquatic signal by means of cluster analysis has allowed distinguishing five dinocyst zones from d-1 to d-5 (Fig. 5) . (Fig. 5) . S. belerius is also present and it is a characteristic of this zone only. Very low dinocyst concentrations are observed, in the range of 3000 specimens per ml.
A highstand, attributed to the Khvalynian, is reconstructed based on similarities with the dinocyst assemblages i) in the Black Sea during the periods of high meltwater influx (Wall and Dale, 1973) and ii) at the base of core CP14 .
4.3.2. Zone d-2, 581e419.5 cm, 11.56e8.83 cal. ka BP: the Mangyshlak lowstand followed by a highstand Overall zone d-2 has a low P/D ratio. From this zone onwards, the concentrations are satisfactory in the order of 20,000 cysts per ml. An important change, not highlighted by the cluster analysis, occurs at 515 cm or 10.55 cal. ka BP.
Subzone d-2a (581e515 cm, 11.56e10.55 cal. ka BP) is characterised by high values of Impagidinium caspienense and low values of S. cruciformis. The similarity to the modern CS assemblages suggests relatively higher salinities than previously, which are related here to the Mangyshlak lowstand as in core GS05 (Leroy et al., 2013c) .
Subzone d-2b (515e419.5 cm, 10.55e8.83 cal. ka BP) contains both P. psilata and a maximum of S. cruciformis. This subzone is interpreted as indicative of a new period of highstand, similar to that reconstructed in zone d-1. . The development of L. machaerophorum in subzone d-5b is interpreted as reflecting a slight warming trend of the waters and it is typical of the last millennia in most Caspian cores (Leroy et al., 2013b) .
PCA of the terrestrial and aquatic signals
For the terrestrial signal (pollen) of core GS18, two principal components had eigenvalues above the broken stick values. The first principal component (PC1-p) accounts for 44.7% of the variance, while the second principal component (PC2-p) explains 12.1%. In PC1-p, the sum of shrubs, E. major t. and Pinus present high positive loadings, while Artemisia has a very negative loading (Fig. 6 ). This principal component shows factor scores close to zero during zone p-1, positive from zone p-2 to zone p-4, and mostly negative in zones p-5 and p-6 (Fig. 7) , thus, pointing to a shrub phase from 11.42 to 8.19 cal. ka BP. In PC2-p, the sum of trees (excluding Pinaceae), several mesophytes (Alnus, C. betulus, Quercus) and Poaceae show positive loadings, while Amaranthaceae have a very negative one (Fig. 6 ). This component has negative scores in zone p-1, close to zero from zone p-2 to p-5, and positive ones in zone p-6. PC2-p is related to mesophytic forests versus saline habitats.
For the aquatic signal (dinocysts) of cores GS18 and CP18, the two first principal components are also significant. The first one (PC1-d) explains 68% of the variance, while the second one (PC2-d) accounts for 16.2%. In PC1-d, P. psilata and S. cruciformis show positive loadings, while I. caspienense and L. machaerophorum have negative ones (Fig. 6 ). This component, thus, presents a salinity gradient. Samples with positive factor scores reflect low salinity waters, while samples with negative scores point to higher salinities. Factor scores are positive from zone d-1 to d-4 in core GS18, although slightly closer to zero in zone d-2a and with a decreasing trend in zone d-4; while at 4.11 cal. ka BP an abrupt shift occurs and scores become negative in zone d-5. Scores are always negative in core CP18 (Fig. 7) . In PC2-d, Brigantedinium presents a very negative loading, while L. machaerophorum has a positive one (Fig. 6) . In core GS18, scores are always close to zero, although slightly positive in zones d-1 and d-2, slightly negative from 8.83 cal. ka BP in zones d-3 to d5a, and mostly positive again from 2.75 cal. ka BP in zone d-5b. For core CP18, scores are close to zero at the bottom but with an increasing trend at the upper part (Fig. 7) . We hypothesise this principal component as reflecting changes in river origin (see Discussion). . Loadings plot (eigenvalue scale) of the two principal components for the terrestrial (left, pollen e only the names of the taxa with high loadings are included) and lacustrine (right, dinocysts) taxa included in the two PCA made in this study. For pollen, data are from GS18 core; while for dinocysts, data are from cores GS18 and CP18. Fig. 7 . Factor scores for the significant principal components obtained in this study and comparison of the pollen and dinocysts zonations Left: Results of the PCA on the GS18 pollen data. Right: Results of the PCA on the GS18 and CP18 dinocyst data. A 3-sample running average has been added to each graph.
Discussion
Ageedepth model and correlation between GS18 and CP18 cores
Several Holocene palynological sequences may be compared in the CS. Their ageedepth models were obtained using different approaches. The radiocarbon dates of core TM (SE corner of the CS) come from various shells with a 410 yr reservoir correction (Marine09) (Leroy et al., 2013a) , the dates on core GS05 (middle of south basin) are from bulk sediment corrected from their detrital carbonate amount (with a reservoir of 370 yr) and calibrated with the IntCal09.14C curve (Leroy et al., 2013c) , and finally those of core GS18 are from benthic ostracod shells, in which a reservoir effect of 370 yr was considered and the calibration was performed with the IntCal13.14C curve. The chronology of the short core CP14 was obtained based on a radiocarbon chronology, with a complex correction of the ages from the detrital carbonates and water ages, whereas no chronology was proposed for the short core CP18 because of the too high content in detrital carbonates that precludes corrections . As mentioned earlier, the chronologies of cores GS04 and GS19 were based on radiocarbon dates on bulk sediment without correction. Hence, a wide range of dated material, corrections and ageedepth models co-exists, illustrating the difficulty of working on Caspian material.
Cores CP18 and GS18 are both in the same coring station 9. Based on visual sediment description, carbonate contents, the first appearances of L. machaerophorum and Pterosperma, and the PC1-d and PC2-d scores, an overlap between the top of core GS18 (zone d-5b) and the bottom of core CP18 (zone dz18-1) is very likely (Figs. 3e5 and 7) . The Lingulodinium machaeorophorum percentages' increase is a common feature for the Late Holocene in the CS dinocyst records (Leroy et al., 2013b) . The Pterosperma increase is also observed in the three Holocene pilot cores . When compared to the CP18 pollen diagram , the decrease of Amaranthaceae and increase of Artemisia in zone GS18 p-6, i.e the development of the steppe, extend to pz18-1. In conclusion, approximately 35e95 cm of overlap may be suggested and a minimum of 85e145 cm seems to be missing at the top of core GS18 due to coring loss.
Vegetation history
The vegetation history reconstructed in sequence GS18 (middle basin) is fairly similar to that of sequences GS05 and TM (south basin) (Fig. 1) . A comparison of the two deep basin cores, GS05 and GS18, indicates similar timing for the end of the Younger Dryas (11.5 versus 11.4 cal. ka BP), a period with a notable presence of Elaeagnus and Hippophae in both cores and reconstructed as cold and dry. A notable phase, well identified by the PCA (Fig. 7; and Fig. 5 in Leroy et al., 2013c) , in which shrubs notably developed, occurs from the beginning of the Holocene to 8.4 and 8.2 cal. ka BP for GS05 and GS18 respectively. From that point onwards trees became more important and shrubs lost their Early Holocene hegemony. Thus, the two cores have a common feature that is the delay in the tree development of more than three millennia after the Holocene onset. Further steps in tree expansion occurred after 8.4e8.2 cal. ka BP, being more evident in core GS05 than in GS18. The next step happened at 3.5 cal. ka BP in core GS18 and at 3.9 cal. ka BP in the pilot core CP14 close to GS05 .
Interestingly, the GS18 pollen record shows higher percentages of Pinus, Ephedra, Ericaceae, Poaceae and Hippophae, but slightly lower values of deciduous trees and Nitraria than the GS05 record. This reflects the existing gradient in precipitation, which decreases from the south to the north and makes arboreal formations more important on the Iranian coast (seen in the south basin core GS05), and desert/steppe formations more abundant at the higher latitudes reflected in core GS18 in the middle CS basin. The eastern Caucasus is probably the main source for arboreal pollen in core GS18. It was also a refugium for cold-loving trees during the Last Glacial Maximum Arpe et al., 2011 ). An endemic species of the Elburz Mountains, Parrotia persica, is found in the diagram of GS18 indicating a clear southern component by air transport. In the south CS coastal in core TM, arboreal percentages are higher than in cores GS05 and GS18 and reflect the importance of forests due to its proximity to the Elburz Mountains, an area with a wide variety of habitats, that was a glacial refugium for a wide range of species Arpe et al., 2011) .
Contrary to the pollen interpretations made on core GS19 (Kuprin and Rybakova, 2003) , no direct link was found between transgressions and widespread forest cover in the more detailed diagrams of core GS18. This is because the present investigation was able to separate onland changes from those in the water body. Broader comparisons can only be made to a few other diagrams, due to the scarcity of regional palynological studies. Forest started to appear slowly in Lake Aligol (southern Georgia, Caucasus), more than 590 km away from core GS18 (A in Fig. 1A ), about 11.5 cal. ka ago. An important phase of Ephedra distachya-t. (>40%) is noticeable until c. 11 cal. ka BP. The real forest expansion was, however, delayed until 4.5 cal. ka BP, the suggested cause in this case being human activities (Connor, 2006) . The Holocene part of the Lake Urmia sequence, 630 km south-westward to core GS18 (U in Fig. 1A) , does not present any major change at 4.2 cal. ka BP but shows a clear event close to 8.2 cal. ka BP. This event is reflected by a drop in the oak percentages and, afterwards, the end of high Ephedra values (Bottema, 1986; Djamali, 2008 p. 61) . To the north, the closest Holocene pollen record is the oxbow lake of Solenoye Zaimishche, located 800 km from core GS18 (Bolikhovskaya and Kasimov, 2010 ) (SZ in Fig. 1A ). The vegetation, with more coldloving trees, is too different from that recorded in core GS18 for direct valid comparisons as, for example, the Early Holocene starts with high values of Pinaceae.
Dinocyst assemblages and environmental parameters
Modern assemblages for the interpretation of past dinocyst assemblages
Modern assemblages of dinocysts are used to calibrate information derived from past datasets. In this sense, de Vernal et al. (2013) have built a large database of samples taken in the Atlantic region. Statistical analyses revealed that the most important forcing factors are summer and winter temperatures, sea ice cover and winter salinity. Unfortunately, no studies have been made on the modern dinocyst assemblages for the middle CS basin so far. Hence it is impossible to quantify dinocyst changes over time in terms of the aforementioned environmental parameters, and therefore only a qualitative approach is used here. Sea ice cover may have been an issue in the Lateglacial only.
For the qualitative interpretation, one has to rely on only eleven modern spectra published in Leroy et al. (2013b) , which focus on the south basin. However, these modern spectra do not include an important low salinity taxon, i.e. P. psilata that is abundant in cores GS18 and GS05, but almost absent in the TM record, and so appearing only in the deep sea cores. Moreover, S. cruciformis, another low-salinity taxon, is rare in this limited dinocyst dataset and is only abundant in the Anzali Lagoon ) that receives abundant freshwater from its many rivers flowing from the Elburz Mountains.
In fact, the PCA carried out on the GS18 and CP18 dinocyst records highlights an opposite behaviour of P. psilataeS. cruciformis versus I. caspienense in its first principal component (Fig. 6) . On the basis of what is known so far, this is taken to represent a salinity gradient (Fig. 7) . As an alternative, palaeo-temperatures will also be briefly discussed below to explain the changes in dinocyst assemblages.
The Khvalynian highstand (>12.44e11.56 cal. ka BP)
The GS18 dinocyst record shows a great abundance of the aforementioned low-salinity taxa P. psilata and of S. cruciformis, suggesting a highstand, as it has also been reconstructed during the Late Pleistocene and Early Holocene in the Black Sea (Wall and Dale, 1973; Mudie et al., 2007; Marret et al., 2009; Verleye et al., 2009; Bradley et al., 2012; Shumilovskikh et al., 2013) . Compared with the GS05 sequence, the salinity was lower in the middle than in the south basin, showing a gradient similar to the present, but more contrasted although in general with much lower percentages of low salinity dinocysts in the south.
Meltwater from the melting of the Eurasian ice sheet and permafrost may come from two main different origins: i) the north basin from proglacial lakes via the Volga River and ii) through the south basin via the Turgay Pass, Aral Sea and the Uzboy River. During the Lateglacial the middle basin received mostly meltwater from the Volga River, as the main flow of meltwater from the Turgay Pass, the Aral Sea and the Amu Darya occurred much earlier, i.e. 90e80 ka ago, as shown by OSL dating of large ice-dammed lake deposits (Mangerud et al., 2001 (Mangerud et al., , 2004 .
The difference between basins reconstructed from the dinocyst data is likely to derive from the poor mixing between basins because the Apsheron Sill might have been higher than today, as this is a tectonically active zone . Based on a study of sediment cores and sedimentation rates, proposed that the two basins were separated until as recently as the middle Holocene. They base their assumption on the higher sedimentation rates in the south and on the differences in salinity in the Khvalynian period (Ferronsky et al., 1999; Kuprin and Pirumova, 2002) . The lack of reliable chronology in core GS05 for the Khvalynian does not allow confirmation or rebuttal of this. However, it is clear that the sedimentation rate for the Khvalynian part of core GS18 is very high: c. 120e75 cm/ka, although with decreasing values from the Lateglacial towards the beginning of the Holocene (Fig. 3) .
Because S. belerius has been observed during the Younger Dryas in core GS18 but earlier in core GS05, it cannot be used as an indicator of the Younger Dryas. In the Black Sea, this taxon appears in periods of transition, such as between low salinities and higher salinities between 7.6 and 7.0 cal. ka BP Bradley et al., 2012) . The first main change in salinity detected in both cores GS18 and GS05 is after the reconstructed Khvalynian highstand, and is the transition to a lowstand, in which S. belerius becomes very sparse.
The Younger Dryas cold/dry event (expressed in the pollen diagram) is clearly not synchronous to the Khvalynian highstand (interpreted from the dinocysts) as seen here and even better in core GS05 (Leroy et al., 2013c) .
5.3.3. The Mangyshlak lowstand and the beginning of the Holocene (11.56e10.55 cal. ka BP)
The Mangyshlak lowstand, here a 1000 yr-long period, is represented by higher values of I. caspienense, although not as high as in the Neocaspian intermediate period and its P/D ratio does not increase as would be expected. This dinozone is slightly more pronounced in the south basin than in the middle basin, as could also be seen in the salinity gradient reconstructed based on the PCA (Fig. 7 for GS18 , and Fig. 7 in Leroy et al., 2013c for GS05) . It marginally overlaps with the end of the Younger Dryas in core GS05; but it is clearly after the Younger Dryas in core GS18. It is well marked by a sedimentary hiatus in core TM, which is expected considering that core TM is a coastal core and, thus, sensitive to drops in water level lower than present day.
In the Russian literature, the Mangyshlak period is defined by increasing carbonate contents and higher grain size which is especially well expressed in shelf cores and some deep-sea cores (Mayev, 2010) . Both in core GS05 (sharp increase up to 61%) and in core GS18 (up to 37%, Fig. 2) , the carbonate content increases notably at the beginning of the Mangyshlak zone defined by dinocysts, while magnetic susceptibility values decrease. However, high carbonate contents do not finish by the end of the Mangyshlak dinozone, so carbonates cannot be used here as an indicator of the lowstand end. The particle size, however, does not significantly change in the Mangyshlak zone.
Although the Mangyshlak lowstand is not formally mentioned by the Russian team in the studies on the two other neighbouring long cores from the deep basins (i.e. cores GS04 and GS19, , these authors suggest a lowstand at the beginning of the Late Khvalynian: 642e582 cm in which they also recognise a peak of Ephedra (Kuprin and Rybakova, 2003) .
The causes of the Mangyshlak lowstand are not clearly deciphered yet. It is suggested here that it is most likely to result from a combination of climate and hydrographic changes. A climatic component is apparent from our data such as the reconstructed warm and dry Early Holocene. The warming is felt in the carbonate content (precipitation in surface layer of the sea) and by a change from mechanical to chemical weathering (Mayev, 2010; Pierret et al., 2012) . The dry conditions are inferred by the high incidence of bushes, but not yet of trees, at the beginning of the Holocene (Figs. 4 and 7) . It is however clear that this climatic component is not sufficient to explain this lowstand because the lowstand ends much earlier than the shrub phase. Therefore a strong hydrographic factor must also have driven this lowstand, especially to allow reflooding well before the end of the dry period.
During the Mangyshlak lowstand no water was overflowing to the Black Sea, in contrast to the previous and following highstand periods. This lack of overflow must have had a significant impact on the Black Sea. Lowstands are reconstructed in the Black Sea for the Lateglacial Interstadial, with also a much-debated second one after the beginning of the Holocene . During the Mangyshlak, the CS lacked an overflow; hence this would have had an influence only on the second Black Sea lowstand. highstand (10.55e4.11 cal. ka BP) After the increased salinity of the Mangyshlak lowstand, a very clear change to nearly freshwater assemblages occurs in core GS018. This observation is even more evident in core GS05. In core TM, the first millennia of the Holocene (after the hiatus) also exhibit very low salinities. Hence the three sequences suggest a long highstand period, perhaps even with higher water levels than in the Late Khvalynian.
Early Holocene
During this highstand, the salinity is clearly lower in the south than in the middle basin, showing a gradient opposite to the present. At this time, the melting of the Eurasian ice sheet was over. Therefore water had to come from elsewhere. Channels of the Uzboy, identified in Turkmenistan, allowed water from the Amu Darya to reach the CS (Leroy et al., 2013a) . Boroffka et al. (2006) observed a lack of settlements around the Aral Sea during a large part of this CS highstand suggesting a lowstand in the Aral Sea. This is followed by a period with a return of the water in the Aral Sea (7e5 cal. ka BP), but during which a flow to the Uzboy and settlements along the riverbanks are nevertheless still recognised.
The Russian investigations suggest that in the Holocene the two basins were largely separate and that more freshwater was flowing in the south basin from the northern slopes of the Elburz Mountains and Amu Darya (and W. Himalayas) carrying eroded material (Ferronsky et al., 1999; Kuprin and Pirumova, 2002) . If the sill was really sufficiently high to completely separate the two basins, then the difference of salinity could be explained by difference in water level. Although this is a very tectonic area, the initial water level was relatively high, therefore requiring a high altitude of the sill. But it is more likely that the sill may have only enabled a restricted exchange of water, allowing for two different water salinities to develop: that of the middle basin more saline because less meltwater and that of the south basin with more freshwater because of the strong influence of the Uzboy/Amu Darya inflow. To sum up, the differences between the salinities in the CS basins are interpreted to be due to different sources of freshwater (Amu Darya in the south versus Volga in the north) and also to a poor mixing (role of the Apsheron Sill) between the two basins. PC2-d could have been reflecting these changes in river origin: Volga versus Amu Darya (Fig. 7) .
Debate exists on the penetration of the Indian Summer Monsoon (ISM) north-westward towards the Pamirs and the Alay, which are the sources of the Amu Darya (Hagg et al., 2007) . The modern Tajikistan is the wettest of the central Asian republics with mountainous regions (the Pamirs) receiving in some places more than 1500 mm of precipitation per year during western disturbances (Syed et al., 2006) (Fig. 1A) . Schiemann et al. (2007) have however found a significant contemporaneous relationship between summer runoff in the Amu Darya and Zeravshan rivers and the intensity of the ISM. They do not explain it by the spill-over of ISM precipitation themselves over the Hindu Kush into the Amu Darya basin; but they consider it to be due to increased ice melting during strong ISM. Hence it is proposed here that the amount of freshwater found in the south basin of the CS is in part driven from the melting of the glaciers on the Pamir-Alay Mountains. The water feeding these glaciers is nowadays largely influenced by westerlies. However, in the Early Holocene, it is likely that the ISM was stronger (Owen, 2009 ). Oberh€ ansli et al. (2011 have shown that low water levels in the Aral Sea correspond to less melting in the headwaters of the Syr Darya and Amu Darya (Tien Shan and Pamir). These authors suggested that snow-cover extent and snow depth on the Tibetan Plateau and adjacent Central Asian ranges correlate positively to Monsoon strength.
The exact level of the sea in this period (10.55e4.11 cal. ka BP) is not known, although it is suggested here to be as high as during the Late Khvalynian. If it was higher than the threshold of 26 m asl (Svitoch, 2012) , then the CS probably overflowed the Manych Sill and reached the Black Sea. In the speleothem record of the Sofular cave in northern Turkey, Badertscher et al. (2011) show indirect evidence of water overflow from the CS into the Black Sea for an earlier period at 16.6e14.6 ka BP ( 230 Th dates). Ryan et al. (2003) mention periods of possible overflows of the CS into the Black Sea but they are all older than the Mangyshlak. So, if the dinocyst record may be interpreted in terms of palaeo-salinities and hence of past sea levels, the present results are unexpected; and further research is necessary to confirm it and to detect if the CS overflowed into the Black Sea after the Mangyshlak lowstand.
In this discussion so far we have interpreted the high percentages of P. psilata and S. cruciformis as driven mainly by low salinity, hence reflecting high sea levels. Nevertheless, it is worth briefly discussing (and eliminating) the interpretation of the high percentages of P. psilata and S. cruciformis in terms of water temperature. In the case of the Early Holocene highstand, these high percentages would mean cold water as in the Late Khvalynian due to its Lateglacial age. However, this is highly unlikely as: 1) high precipitation of carbonates reflects warmer waters (Pierret et al., 2012) , and 2) the waters transported by the Amu Darya and Uzboy River from the Pamir-Alay take a few months to reach the CS and have sufficient time to warm up and reach local temperature after crossing the Kara Kum and Kyzyl Kum deserts (K. Arpe, pers. comm.) . Hereafter, the interpretation of salinity as a more significant driving factor than temperature for these two taxa is more likely and it is considered that the waters of the CS are warmer since the beginning of the Holocene.
Although this highstand was long-lasting, 6.44 ka long in core GS18 and 7.3 ka long in core GS05, it seems to have not been homogenous throughout its entire duration. In fact, in the GS18 sequence, the more important presence of freshwater algae up to 8.19 cal. ka BP (Fig. 4) and the decreasing values of P. psilata since 7.30 cal. ka BP (Fig. 5) suggest a partition of the highstand: a first period (zones d-2 and d-3) with fresher waters than the following period (zone d-4). In core GS05 a sudden decrease in P. psilata occurs at 8.4 cal. ka BP (Leroy et al., 2013c) ; while TM presents a hiatus from 7.5 to 3.5 cal. ka BP (Leroy et al., 2013a) due to its coastal location and thus is sensitive to sea level decrease (when in the present day range). In brief, the highest levels were reached in the first part of this high stand, with signs of a slow decrease in it second part. 5.3.5. The main change at c. 4.11 cal. ka BP
The main change in the dinocyst assemblages occurs at c. 4.11 cal. ka BP in core GS18 and at 3.9 cal. ka BP in core CP14 . This is interpreted as a drop of sea level. This is also illustrated by a hiatus and a gypsum crystal layer at 3.9 cal. ka BP in core TM (Leroy et al., 2013a) .
Given the uncertainty in the chronology of the three sequences, this sharp transition, due to the return of the Amu Darya to the Aral Sea (or a decrease of its flow to the CS), may be linked to an impact of the dry 4.2 cal. ka event (Staubwasser and Weiss, 2006; Schmidt et al., 2011) . Indeed a buffering, due to the time needed to large water masses to change, may explain the small delay in reaction. Other lakes in the region present similar major fluctuations linked to aridification. For example, the multiproxy record of Lake Van (eastern Turkey) shows a humid climate that ended drastically at c. 4 cal. ka ago (Wick et al., 2003) . The Aral Sea record indicates a onemillennium-long sea level drop from 4 to 3 cal. ka BP (Boroffka et al., 2006) . 5.3.6. Intermediate levels of the Neocaspian (4.11e<2.43 cal. ka BP and core CP18)
The dinocyst assemblages resemble modern CS assemblages since 4.11 cal. ka BP. The 2.6 cal. ka BP highstand (Kroonenberg et al., 2007) , Medieval lowstand and Little Ice Age highstand (Naderi Beni et al., 2013) occurred during this time period, but are not well recorded here because of the inadequate time resolution and the buffering effect of the deep sea location of the cores.
Conclusions
The present palaeoenvironmental reconstruction was performed on a continuous fine-grained sediment sequence taken from a deep part of the Middle basin of the Caspian Sea. It is essential to separate changes in the terrestrial realm as reconstructed from pollen and spores, from those happening in the water body as reconstructed by dinocysts, because they are not synchronous and have different drivers. However, using the dinocysts as a (semi)-quantitative proxy for salinity remains to be verified by surface sediment properly calibrated by physico-chemical water parameters. In the present study, a pioneer attempt has been proposed to interpret the dinocyst assemblages based on what is currently known, although much remaining to be confirmed.
The main pollen changes in core GS18 occur at 8.19 cal. ka BP after a long shrub phase, but also at 11.42 and 3.50 cal. ka BP and are linked to the progressive, but delayed, development of the forest. This is similar to shifts reconstructed in core GS05 (south basin), indicating that the landscape around the CS was changing dramatically at these times. The dinoflagellate assemblages in the CS were transformed twice: first from a S. cruciformiseP. psilata one to a I. caspienense-dominated one c. 4 cal. ka ago; and secondly from the latter assemblage to a L. machaerophorum-dominated one at c. 2.8 cal. ka BP. The main shift, at c. 4 cal. ka BP, is also evidenced in the two other Holocene sequences of the CS and may be related to a similar major lake level drop in regional lakes: Lake Van and the Aral Sea. Because of the quasi synchronicity with other sites in SW Asia, the CS is therefore part of a much vaster supra-regional climatic change, likely the 4.2 cal. ka BP event. These results are very important because, as shown by climatic modelling, the presence or absence of the CS has a small, but significant, influence on global climate via the summer jet stream speed (Farley Nicholls and Toumi, 2013) . Moreover this sequence, as well as that of core GS05, confirms the clear difference and indeed succession between the Younger Dryas period and the very Early Holocene (Mangyshlak) lowstand.
Lake levels reconstructed indirectly from palaeo-salinities indicate fresher waters in the middle basin than in the south basin in the Late Pleistocene; but a salinity gradient reverse to the present one in the first part of the Holocene. The CS levels are currently directly correlated with precipitation over the Volga drainage basin, especially summer precipitation. It is even possible to forecast the CS levels 6e12 months in advance based on the precipitation upstream of the Volga delta (Arpe et al., 2014) . However, this link was more complicated in the past, with the indirect additional influence of low latitudes sources of water, such as from the western Himalayas (Pamir-Alay). Therefore the combination of the Volga and the Uzboy, i.e. the Western Eurasian westerlies (and indirectly the western Himalayan monsoon), resulted in CS level changes of large amplitude, which at times were even able to reverse the normal salinity gradient across the sea.
Not only during the high levels of the Late Pleistocene, but also during the first part of the Holocene (for a duration of 6000 yr), our data suggest that the CS overflowed into the Black Sea overtopping the Manych Sill. However the overspill was interrupted for 1000 yr at the very beginning of the Holocene during the Mangyshlak lowstand. The higher salinities and inferred lake level drop at the very beginning of the Holocene were largely due to an aridification of the climate but nevertheless with a clear hydrographic factor with the temporary loss of the connection to the Amu Darya. The Younger Dryas cold/dry event is independent from the Khvalynian highstand and from the Mangyshlak lowstand.
The Caspian Sea levels are clearly not directly related with global sea level changes forced by Milankovitch factors; they are more complex, as in addition to climate, a strong hydrographic driver is involved.
